Abstract Phase behavior of silica-filled poly(dimethylsiloxane) (PDMS) network was investigated by wide-angle X-ray diffraction (WAXD) under various strain ratio between room temperature and −100°C, and anomalous polymorphic behavior was discovered. At room temperature, when sufficient strain was applied, PDMS network was found to transform into the mesomorphic phase from which only a pair of sharp equatorial reflections and faint meridional scattering were obtained in the WAXD pattern. At low temperature, PDMS network crystallized into one of three different crystal forms according to strain ratio. These crystal forms were denoted as α, transient, and β forms in the descending order of corresponding strain ratio. The mesomorphic phase at room temperature transformed into the crystalline α form by reducing temperature. There was an anomalous feature about the transition of the crystalline forms that the position of reflections in the WAXD pattern changed continuously and reversibly with strain between the α and the β forms through the transient form, while keeping the diffraction angles almost unchanged.
Introduction
Poly(dimethylsiloxane) (PDMS) is the most widely used silicon-based organic polymer. Especially in many different medical applications, PDMS is irreplaceable because of the physiological inertness and the nontoxic nature. Its unique characteristics originate from the main chain structure. The very open Si-O-Si bond angle and the large interatomic distance results in very low (practically zero) rotational energy for Si-O, and accordingly, the molecular chains of PDMS are exceptionally flexible [1] . In contrast to the carbon skeletal polymer whose molecular chains in the crystal are mostly constrained to adopt the trans (T), gauche (G), or skew (S) conformations due to the rotational potential barrier, molecular chains of PDMS in the crystal phase should be able to exhibit higher degree of freedom. However, such a consideration has not been reflected in the previous studies on the crystal structure of PDMS.
Crystal structure of PDMS was analyzed by Damaschun [2] in 1962 using silica-filled samples under relatively large deformation at −90°C. In this work, the crystal unit cell was proposed to be monoclinic with a=1.3 nm, b (fiber axis)=0.83 nm, c=0.775 nm, and β=60°. A twofold helical conformation of the polymer chain with six monomers per turn was suggested. This crystal structure had been admitted without further investigation by wide-angle X-ray diffraction (WAXD), though the numerical information about the reflection intensities and the atomic coordinates have not been presented. In 1991, Schilling et al. [3] studied PDMS crystals by 29 Si and 13 C NMR spectroscopy. They mentioned that the results of this NMR study were inconsistent with the Damaschun's proposal. Instead of multiple resonances as expected from the twofold helical conformation, single resonances were observed for both nuclei. (Schilling et al. assumed the TTS + S − G + G + sequence on the basis of Damaschun's illustration. However, by constructing the threedimensional model, we found that this sequence does not result in the twofold but in the threefold helical conformation.) Later on, Albouy [4] studied weakly stretched PDMS specimens by WAXD and claimed that Damaschun's proposal was inappropriate, suspecting qualitative modification of the texture pattern for samples submitted to high extension ratios. The unit cell suggested by Albouy was tetragonal, with a=ca. 0.83 nm and c (fiber axis)=ca. 1.2 nm. The polymer chain was supposed to adopt a fourfold helical conformation, which is more extended than the Damaschun's model. However, no numerical data about WAXD intensity and atomic coordinates were presented also by Albouy. In this way, the crystal structure of PDMS has not been studied in detail, and accordingly, the relationship between the rotational freedom around the Si-O bond and the resulted crystal structure has not been discussed.
Here, we report on discovery of polymorphic behavior in cross-linked PDMS, which depends on strain and temperature. Even at room temperature, stretched PDMS network was found to transform into mesomorphic phase. At low temperature, existence of multiple crystal forms and continuous structure transition between them was also discovered. Because such continuity is anomalous for crystal transformation, the specific conformational freedom of the siloxane skeletal should be considered.
Experimental section

Materials
Sheets of silica-filled PDMS samples (ca. 1 mm thick) were prepared as follows. End-linked PDMS was prepared by heating (70°C, 24 h) the mixture of 25 wt% of vinyl-terminated PDMS (Mw=43,000), 75 wt% of vinyl-terminated PDMS with silica filler (Mw=28,000, silica 15∼18 %), 0.6 equiv. (relative to the vinyl groups) of tetrakis(dimethylsiloxy)silane (cross-linking agent), and chloroplatinic acid (0.1 mol/l isopropanol solution, catalyst).
Randomly cross-linked PDMS was prepared by heating (pre-baking at 170°C, 10 min, and subsequently at 200°C, 4 h) the ingredients according to the recipe in Table 1 .
WAXD and simultaneous tensile measurements
Both the synchrotron beam source and a conventional X-ray instrument were used for the WAXD analysis. The former is mainly used for the WAXD analysis at room temperature, and the latter was used for the temperature-controlled measurements. In both cases, a tensile machine was placed on the path of X-ray. Two-dimensional WAXD patterns and the tensile force were recorded simultaneously.
The synchrotron experiments were performed at BL-40XU beam line in SPring-8, Japan. The wave length was 0.0832 nm (15 keV). Ring-shaped specimens for our original tensile machine [5] were die cut from the sample sheets. The width and circumference of the specimens were ca. 1 and 50 mm, respectively. The WAXD patterns were recorded using a CCD camera. The camera length was ca. 180 mm.
For the temperature-controlled WAXD measurement, a conventional X-ray instrument (Rigaku Nano-Viewer, CuKa radiation monochromatized with a confocal mirror, 40 kV/30 mA) was used. The wavelength was 0.154 nm. Rectangular specimens (ca. 30 mm×5 mm) were cut out from the sample sheets. The specimen was stretched and cooled in nitrogen atmosphere using a Linkam TST350 tensile testing stage. The WAXD patterns were recorded using a two-dimensional photon counting detector (PILATUS100K/R) or an imaging plate (IP). The camera length was ca. 100 mm (for PILATUS) or ca. 80 mm (for IP).
Results and discussion
Mesomorphic phase
At room temperature, the undeformed specimens presented isotropic amorphous halo from unoriented PDMS molecules in the WAXD pattern. When the specimens were subjected to uniaxial stretching, a pair of sharp reflections appeared on the equator near the amorphous halo, as shown in Fig. 1a . For detailed investigation of this feature, equatorial intensity profiles (Fig. 1b) were analyzed. With the increase in strain ratio (SR), the maximum of the intensity shifted to the higher q (Fig. 1c) , and at the same time, the intensity profile became sharper. This peak shift is attributed to the development of the new reflections which are overlapping the amorphous halo. As shown in Fig. 1c , we observed a certain strain ratio for the onset of the peak shift, namely the emergence of the new reflections. Accordingly, the peak shift should indicate a kind of structure transition which occurs above a certain strain. This phenomenon was found in all the PDMS samples, though the degree of peak shift and its onset strain changed with the formulation and cross-linking density of the samples. Other researchers also reported the emergence of the sharp reflections in oriented PDMS at room temperature [6, 7] , indicating that this phenomenon is universal for the PDMS networks. In the previous studies, these sharp reflections were attributed to the oriented amorphous [6] or the crystal phase [7] . However, we will present shortly that these attributions should be reconsidered.
There is another feature in the WAXD pattern of the highly stretched specimens. Along with the above-mentioned sharp reflections on the equator, faint scattering on the meridian was sometimes observed. The scattering in question is indicated by arrows in Fig. 1a . The same feature of the WAXD pattern is found in the work by Ohlberg et al. [6] It is a natural consequence to guess that these features in the WAXD pattern could be related to strain-induced crystallization [8] [9] [10] . Though melting temperature (T m ) of PDMS is far below room temperature (e.g., below −30°C, according to our preliminary DSC experiment), T m of polymer network is considerably elevated by the application of strain [10] [11] [12] [13] . Delides and Shepherd [7] indeed regarded the sharp DebyeScherrer ring in the radiation cross-linked sample as a result of strain-induced crystallization at room temperature. For the confirmation of this interpretation, highly stretched PDMS specimens that showed the sharp equatorial reflections (Fig. 1a) were slowly cooled down. The final WAXD pattern at −100°C is shown in Fig. 2a , in which the sharp equatorial reflections are also observed. We examined the WAXD patterns during the cooling process (from Figs. 1a to 2a) and found the emergence of sharp reflections of the "real" crystal phase at certain low temperature. In order to demonstrate this real crystallization, the equatorial intensity profiles during the cooling process (Fig. 3a) were separated into two components by peak fitting software [14] ; one was the sharp peak which existed at room temperature, and the other was much sharper crystalline peak which appeared at low temperature. The relative area of the crystalline peak, namely crystallinity index, was estimated and plotted as a function of temperature in Fig. 3b (the detailed procedure is explained in Supplementary Material-document). We can observe the clearly defined onset of crystallization at ca. −60°C. In some of the samples, crystallization was also detected as an abrupt increase in tensile force (Supplementary Material-document) . The transition into the real crystal phase at low temperature implies that the WAXD pattern at room temperature (Fig. 1a) is attributed to another thermodynamic phase. The sharp equatorial reflections indicate regularity of molecular chains packing, and at the same time, the faint scattering on the meridian suggests weak helical periodicity. Such a less ordered structure than crystal is attributed to the mesomorphic phase. The Debye-Scherrer ring observed by Delides and Shepherd [7] must be also attributed to the mesomorphic phase.
Crystal polymorphism
We realized that the WAXD pattern of highly strained PDMS at −100°C (Fig. 2a) corresponds to the one reported by Damaschun [2] . This early work was proved to be based on reliable experimental results which were reproduced by other researchers (including ref. [6] ). In Fig. 2a , weak reflections which have not been recognized before [2] (e.g., 200 reflection) can be observed. Using the 12 independent reflections, the lattice constants of the monoclinic unit cell were tentatively refined (Supplementary Material-document) because the 422 reflection could not be explained by the lattice constants in the previous work [2] . The unit cell parameters estimated Meanwhile, when the applied strain was small, PDMS samples were found to present the alternative WAXD pattern at low temperature that has been reported by Albouy [4] (Fig. 2c) . Polymorphism of PDMS crystal has not been recognized before, but the above-mentioned results clearly demonstrate the existence of different crystal forms. For convenience, we refer to the former crystal form (characterized by the WAXD pattern in Fig. 2a) as the α form, and the latter (characterized by the WAXD pattern in Fig. 2c) as the β form. The same PDMS specimen crystallized in the α or in the β form according to the degree of strain; the α form is the high strain phase. Surprisingly, when the strain ratio was intermediate value between the occurrence of the α and the β forms, the WAXD pattern was attributable to the neither form, as shown in Fig. 2b. (Ohlberg et al. [6] reported the similar WAXD pattern, not noticing the polymorphism.) That is to say that this WAXD pattern cannot be explained by simple orientational fluctuation or by superposition of the α and the β forms. We refer to the crystal structure corresponding to Fig. 2b as the transient form because this crystal structure seems to change continuously between the α and the β forms, as mentioned below. Note that, in our experiments, the amorphous specimen was deformed at room temperature and directly crystallized into the transient form by cooling. Accordingly, the transient form is not the result of mechanical destruction of the α or the β forms but a stable structure at the corresponding specific strain ratio.
There is a peculiar coincidence among the WAXD patterns of these three crystalline forms. Most of the reflections (except weak ones such as 200 and 222 of the α form) appear on the same concentric circles, though the crystal structure is different. That is to say, in all the three forms, reflections appeared at q (per nanometer)=9.6, 15.7, 18.3, and so on. Furthermore, the relative relationship among integrated intensities at these q values are also almost unchanged (Fig. 2d) . On the basis of these feature, the transition between the α and the β forms was traced using the azimuthal intensity distribution. The specimen was deformed at 25°C to the predetermined strain value and cooled to −100°C. From the WAXD patterns at −100°C, azimuthal intensity distributions around q=9.6 nm −1 were extracted (Supplementary Material-document). The azimuthal intensity distribution was separated into independent peaks by peak fitting software [14] , and the latitude (namely azimuthal angle from the equator) of the maximum was estimated for each of the peak. The relationship between the peak latitudes and strain ratio for various samples is shown in Fig. 4 . The β form is characterized by the two peaks at the latitude of ca. ±30°. They separated into four peaks while the transient form appeared and the peak latitudes shifted continuously and reversibly with strain ratio. At large strain, the two of four peaks near the equator merged into one and resulted in the three peaks (on the equator and at the latitude of ca. ±60°) characterizing the α form. Position of other reflections also changed continuously in the similar way with strain ratio. The strain ratios to induce this kind of transitions changed according to the composition of the sample, as shown in (An animation in mpg format demonstrating this peculiarity is available as a Supplementary Material-movie.) Such a movement of reflections is inconsistent with the simple rotation of the fiber axis. In general, crystalline polymorphism reflects the difference in molecular chain conformation and packing in the unit cell. Such structure transition should modify characteristic lengths (e.g., intermolecular distance, helical pitch, and so on) that are related to diffraction angle. Therefore, the continuous structure change of the PDMS crystals between the α and the β forms through the transient form, each presenting strong reflections at the same diffraction angles, is quite anomalous. We guess that this peculiar behavior may be related to the characteristic of the siloxane skeletal structure. In the case of carbon skeletal polymer, the possible helical structures are limited to adopt the combination of T, G, and S conformations. On the other hand, the rotation around the Si-O bond is practically free. As a result, the continuous structure change during the emergence of the transient form could be possible. Unfortunately, atomic coordinates in each crystal form that are desired for the better understanding of this mystifying structure change are still not reported. Even the models of the chain conformation that were proposed in previous studies [2, 4] are questionable. If we believe the previous studies, the molecular chains in the β form have to adopt more extended conformation than in the α form, though the smaller strain is applied to the sample for the emergence of the former. Because such an inversed relationship between the macroscopic strain and the molecular conformation is unlikely, alternative helical structures may have to be taken into account. Determination of the atomic coordinates in the PDMS crystals and the analysis of the transition among them is our future task.
Conclusion
We found, for the first time, the polymorphic behavior of PDMS. At room temperature, when sufficient orientation is applied, PDMS transforms into the mesomorphic phase. At low temperature, PDMS network crystallized into one of the α, transient, and the β forms in the descending order of corresponding strain ratio. The mesomorphic phase at room temperature transformed into the crystalline α form by reducing temperature. The position of reflections in the WAXD pattern changed continuously and reversibly with strain between the α and the β forms through the transient form, while keeping the diffraction angles almost unchanged.
